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PET contains up to 85 wt% of terephthalic acid (BDC), but has never directly been used as a source of
organic linker for MOF synthesis. By combining metal salts and PET under hydrothermal conditions in
a microwave oven, PET hydrolysis and MOF synthesis occur simultaneously. With this one-pot reaction,
MIL-53(Al) and MIL-47(V) have been successfully synthesized. Optimization of the reaction and activation
conditions for MIL-53(Al) results in a phase-pure MOF with a BET surface of 1481 m2 g1. When the
hydrolysis is carried out as a separate ﬁrst step, less stable MOFs like MIL-88B(Fe) can be synthesized by
adding the metal salt and methanol to the hydrolyzed mixture in the second step. By partially
depolymerizing the surface of PET bottles it is possible to grow MOF coatings of MIL-53(Al) and UiO-
66(Zr) on the polymer surface, using the bottle itself as the synthesis reactor.Introduction
Metal–Organic Frameworks (MOFs) are a class of hybrid
microporous materials built up from metal ions or clusters
linked together with organic ligands into a crystalline struc-
ture.1 MOFs are typically synthesized using analytically pure
chemical feedstocks as impurities can have a large inuence on
the results, making scientic understanding and control over
the synthesis more complex. For some widely used MOFs, the
synthesis conditions have already been well explored. This
makes it possible to investigate cheaper, lower-grade materials
as starting compounds. One of these is post-consumer poly-
(ethylene terephthalate) (PET) which is already an industrially
important waste stream.
PET consists of more than 85 wt% terephthalic acid in ester
form which can be hydrolyzed to yield the carboxylic acid or
carboxylate. Post-consumer PET is a reasonably pure waste
stream, making it very interesting as a reactant for MOF
synthesis. Moreover, PET hydrolysis can be achieved at 200 C in
water,2 which is reminiscent of the synthesis conditions of
MOFs like MIL-53(Al),3 MIL-53(Cr)4 or MIL-47(V).5 In principle,
this should allow to hydrolyze PET and synthesize MOFs
simultaneously using microwave heating for shortening reac-
tion times.2,6 In situ generation of linkers for MOF synthesis has
already been proposed, e.g. in situ hydrolysis of trimethyl 1,3,5-
benzenetricarboxylate to 1,3,5-benzenetricarboxylic acid.7
While this route uses ester hydrolysis, the starting material is
not a polymer.stems, Centre for Surface Chemistry and
n, Chem & Tech, Celestijnenlaan 200F –
il: dirk.devos@biw.kuleuven.be
(ESI) available: EDX/SEM, XRD, NMR,
/c6ta02381a
hemistry 2016PET depolymerization has been performed in many diﬀerent
ways and conditions. Using alcohols as solvents results in
reformation of terephthalate esters, which is not desired for
MOF synthesis. In water, acid or deprotonated forms are ob-
tained, depending on the pH of the solution. PET hydrolysis is
oen speeded up by using acid catalysts or bases like sulfuric
acid8 or potassium hydroxide.9 However, as the pH is very
important during MOF synthesis, the addition of large amounts
of acid or base could disrupt the synthesis. If the hydrolysis is
carried out as a separate step, it is possible to adjust the pH and
purify the BDC before using it in MOF synthesis.10 However, the
extra workup steps and salt waste might outweigh the advantage
of using PET as the linker source.
Here we present a route to make high quality MOF materials
starting from waste PET in a one-pot synthesis with water as the
solvent. Two stable MOFs were successfully made in this way in
a one-step procedure. For several other MOFs, this method
results in oxide formation due to the high temperature needed
for PET hydrolysis in water. However, by adding the metal salt
aer hydrolysis it is possible to alsomake less stable MOFs from
PET. Finally, we demonstrate the growth of MOFs on the PET
surface.Experimental
Waste PET
Clear plastic PET bottles were collected from domestic waste as
the raw material. Labels were removed and the bottles were
washed with water and soap, and then dried. For MOF synthesis
in the bottle, the original cap was used to seal the bottle during
synthesis. PET akes used for microwave synthesis were ob-
tained by cutting the bottles into pieces and processing them
with a paper shredder. The shredded bottles were sieved andJ. Mater. Chem. A, 2016, 4, 9519–9525 | 9519
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View Article Onlineakes between 1 and 5 mm sieve aperture opening were used
for experiments. Cryomilled PET powder was obtained by
ball milling the PET akes in a Retsch cryomill for 90 min in
liquid N2.Microwave synthesis
MOF synthesis or PET hydrolysis experiments were conducted
with a Milestone Ethos Microsynth microwave oven. PET
hydrolysis/MOF synthesis was carried out at 200 C with 30 g
H2O and PET (10/1 or 30/1 wt ratio H2O/PET). Acid/base was
added in 0, 1 or 2 equivalents relative to BDC present in the PET
(0.52 M or 0.173 M BDC). Pure NaOH was used as a base and
HCl (37%) or HNO3 (65%) was used as acids. Metals were always
added in 1 equivalent (0.52 M or 0.173 M), as one of the
following compounds: AlCl3$(H2O)6, Al(NO3)3$(H2O)9, Al(OH)3/
Al2O3/Al2(SO4)3/Cr(NO3)3$(H2O)9/Fe
0 powder/FeCl3$(H2O)6/
ZrCl4 or VCl3. All chemicals except for the PET bottles were
obtained from commercial suppliers and used without further
purication.Activation procedure
MIL-47(V) was calcined according to the procedure described by
Alaerts et al.11 MIL-53(Al) was calcined by slow heating under air
(1.8 C min1 h1) to 350 C or to 400 C and kept at that
temperature for one hour.PET substrate surface hydrolysis
PET chips (1.5  1.5 cm) were cut out of PET bottles and the
surface was exposed to 7 M nitric acid under reux conditions
for 1 h. Alternatively, the inner surface of the PET bottles
(250 ml) was hydrolyzed by lling them with 100 ml of 5 M
HNO3 solution and keeping the closed bottles for 48 h in an
oven at 60 C. Aer that, the solution was removed and the
bottles were washed 5 times with deionized water and subse-
quently dried.MOF growth on PET
For growth of MIL-53(Al) on PET chips, partially hydrolyzed
chips were added to a synthesis solution in a Schott bottle
containing 3.76 g AlCl3$(H2O)6, 60 g H2O, 1.26 g NaOH and
0.259 g BDC. The mixture was heated in an oven at 100 C for
a week. For growth of MIL-53(Al) inside a PET bottle, the
internally pre-hydrolyzed PET bottle was lled with the
synthesis solution consisting of 180 ml H2O, 11.28 g
AlCl3$(H2O)6, 3.78 g NaOH and 0.777 g BDC. The bottle was
placed in an oven at 80 C. Aer one day, the mixture was
ltered to remove unattached crystals and placed back in the
bottle with an additional 0.777 g BDC in the oven at 80 C for an
additional day.
For growth of UiO-66 on PET chips, partially hydrolyzed
chips were added to a synthesis solution containing 0.18 g
ZrCl4, 0.13 g BDC, 8 ml DMF, 0.46 g glacial acetic acid and
0.077 ml HCl (37%) in a Schott bottle. The mixture was heated
in an oven at 100 C for a week.9520 | J. Mater. Chem. A, 2016, 4, 9519–9525UiO-66 was prepared on the inner wall of a PET bottle by
adding the synthesis solution to the partially pre-hydrolyzed
PET bottle and heating in an oven at 60 C for two weeks. The
synthesis solution contained 50 ml DMF, 1.125 g ZrCl4, 0.8125 g
BDC, 2.875 g glacial acetic acid, and 0.48 ml HCl (37%). The
bottle was only partially lled because the high density poly-
ethylene cap dissolves in DMF.
Quantitative determination of hydrolysis degree
Aer hydrolysis of the PET sample and cooling the sample to
room temperature, NaOH was added to the hydrolyzed PET
mixture until pH 14 was reached, so that all free BDC was dis-
solved as disodium terephthalate. Non-hydrolyzed PET was
then removed by ltration. Next, the ltrate was acidied with
HCl to pH 1 and the precipitated BDC was ltered oﬀ. Both the
non-hydrolyzed PET and the precipitated BDC were dried and
weighed to calculate the conversion of PET to BDC. To quantify
the PET hydrolysis degree in systems where MIL-53(Al) was
formed, the solid remaining aer ltering the pH 14 solution
was rst washed with water at pH 1 to dissolve any aluminum
oxide/hydroxide or MOF that was le. Then it was washed with
water at pH 14 to dissolve any remaining BDC. All ltrates were
collected and brought to pH 14 and ltered, and then acidied
and ltered to obtain BDC. The mass balance for PET and BDC
was always higher than 95% except for the sample where MIL-
53(Al) was formed (92%). This loss is probably due to the extra
steps to dissolve the MOF and because the high conversion
gives very small PET fragments that stick to the lter paper aer
drying.
Characterization
PXRD patterns were measured on a STOE StadiP operating in
the high-throughput mode using Cu Ka1 radiation with
a wavelength of 1.5418 A˚. Measurements were carried out
between 2q values of 0 and 60. The XRD pattern of the coating
of MIL-53(Al) on PET was recorded on a STOE STADI MP
instrument in the Bragg–Brentano mode (2q–q geometry; Cu
Ka1) using a linear position-sensitive detector; step width 0.5
2q, scan rate ¼ 1520 s per step (2q ¼ 5–20; D2q ¼ 0.01).
Scanning electron micrographs (SEM) of MOFs were recorded
on Pt-coated samples on carbon grids using a Philips XL30 FEG
microscope or a JEOL-6010LV SEM aer depositing a palla-
dium/gold layer on the samples using a JEOL JFC-1300 autone
coater under Ar plasma. Optical microscopy pictures were taken
with a Zeiss AXIO microscope with a PI 10/23 ocular. TGA
experiments were carried out on a TGA Q500 (TA Instruments)
under oxygen ow, over the temperature range of 50 to 650 C at
5 C per minute. Nitrogen adsorption and desorption isotherms
at 77 K were measured using a Micromeritics 3Flex 3500 phys-
isorption instrument. The samples were degassed before
measurements at 423 K under vacuum (102 mbar) for 4 h. The
BET method was applied in the region between 0.005 and
0.05 P/P0, consistent with the consistency criteria for micropo-
rous materials.12 Liquid phase 1H NMR spectra were recorded
on a Bruker Avance 400 MHz spectrometer equipped with a BBI
5 mm probe.This journal is © The Royal Society of Chemistry 2016
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View Article OnlineResults and discussion
PET hydrolysis
Hydrolysis of PET was rst studied separately from MOF crys-
tallization to investigate the eﬀect of additives like acids and
bases. The resulting conversions can be seen in Table 1.
Hydrolysis reactions with only water or with acids seem to have
an induction time, aer which hydrolysis proceeds much faster.
In agreement with Yoshioka et al.,8 this observation is explained
by crack formation in the PET aer a certain time at high
temperatures in water. These cracks increase the surface area
and enhance the hydrolysis. As a consequence, the PET
remaining aer hydrolysis was completely comminuted into
a ne powder. Hydrolysis with NaOH did not produce similar
cracks. Aer hydrolysis, any remaining PET still resembled the
original akes although they were much smaller.
As expected, the hydrolysis reaction is accelerated when acid
or base is added to the solution. However, larger concentrations
(2 eq.) of acid or base seem to slow down the hydrolysis. Two
equivalents of HCl stop the hydrolysis entirely, possibly because
under very acidic conditions, a thin layer of precipitated ter-
ephthalic acid on the PET substrate can inhibit the hydrolysis.13
Although rst-order kinetics with regard to acid or base have
been recorded,13,14 there seems to be an optimal concentration
of the added acid or base. This optimum has also been observed
in other studies15 but will not be investigated in more detail
here. The optimal ratio of water to PET in pure water is higher
than the 10/1 ratio reported by Liu et al.2 as decreasing the
concentration of PET from 9.1 weight% to 3.2% increased
conversion in pure water from 47% to 70% (Table 1).
The use of nitric acid for hydrolysis unexpectedly led to the
formation of 2-nitroterephthalic acid (NO2-BDC). For instance,
for a 77% weight loss of PET, the BDC yield was only 49%. Note
that NO2-BDC is much more water-soluble than BDC. The pres-
ence of NO2-BDC in the ltrate was proven by
1H NMR (Fig. S3†).One-pot MOF synthesis
The addition of metal chlorides increases the hydrolysis rate in
a similar way to the addition of an acid since HCl is generated inTable 1 BDC yields from PET hydrolysis at 200 C using various
additives. 1 eq. corresponds to 0.0156 mol, the amount of BDC in 3 g
PET. pH 7 indicates that no acid or base was added. All hydrolysis
reactions were carried out with 3 g PET in 30 ml water, except when
indicated otherwise
Additive
PET hydrolysis yield (%)
1 h 3 h 6 h 12 h
None (pH 7) — 0 9 47
None (pH 7)a — — — 70
NaOH 1 eq. 50 96 95 95
NaOH 2 eq. 10 97 98 95
HCl 1 eq. — — 2 80
HCl 2 eq. — — 0 0
AlCl3 1 eq. — — — >95
HNO3 1 eq. — — — 49
a Hydrolysis with only 1 g PET.
This journal is © The Royal Society of Chemistry 2016situ when metal chlorides are hydrolyzed. In the case of AlCl3,
BDC from PET hydrolysis can further combine with aluminium
ions to form MIL-53(Al). The MOF formation also speeds up the
hydrolysis reaction as it removes dissolved H2BDC from solu-
tion, preventing the formation of H2BDC precipitates on the
polymer surface. This explains why AlCl3 (3 eq. Cl
) gives
complete hydrolysis while 2 eq. of HCl give no reaction at all.
Although PET hydrolysis is the rst step of the reaction, MOF
crystallization starts as soon as a suﬃcient concentration of free
terephthalic acid is generated. XRD patterns in Fig. 1 show the
presence of MIL-53(Al) powder already aer 1 h of reaction,
while most of the PET is still intact. It still takes 11 more hours
to hydrolyze most of the remaining PET, with 3% PET remain-
ing aer 12 h (Table 2). This observation shows that hydrolysis
and MOF synthesis occur simultaneously. Substitution of AlCl3
with Al2(SO4)3 results in basic aluminium sulphate as a solid
product instead of a MOF. Synthesis with Al(NO3)3 also yields
MIL-53(Al) but unlike the PET hydrolysis with HNO3, no NO2-
BDC was found with Al(NO3)3. This synthesis, however, resulted
in a much higher pressure build-up at 200 C making it unsafe
to investigate it further in our microwave oven.
Synthesis with VCl3 and PET in water resulted in the
formation of MIL-47(V) (Fig. 1) but using Cr(NO3)3 only resulted
in chromium oxides and free BDC crystals. This is unexpected
as MIL-53(Cr) synthesis has been described at 220 C in water.4
In a typical hydrothermal synthesis, the chromium salts can
immediately react with the linker, forming stable coordination
compounds. While the PET hydrolysis is ongoing, they form
stable chromium oxide or hydroxide precipitates before enough
BDC is generated. Other metal salts like ZrCl4 and FeCl3 were
tested but they also formed only metal oxides. Using metallic
iron powder instead of an iron salt did not solve the problem of
iron oxide formation.Two-step one-pot MOF synthesis
Because of the harsh PET hydrolysis conditions, many metal
salts form oxides/hydroxides instead of MOFs. By performing
PET depolymerization in the rst step, MOF synthesis can beFig. 1 XRD patterns of (a) the starting PET material, (b) MIL-53(Al)
made from PET and AlCl3 after 12 h and (c) after 1 h, (d) simulated MIL-
53(Al) in the as-synthesized form, (e) MIL-47(V) made with PET and
VCl3 and (f) simulated MIL-47(V), in the closed pore form.
J. Mater. Chem. A, 2016, 4, 9519–9525 | 9521
Table 2 Synthesis conditions, synthesis characteristics and BET surfaces of MIL-53(Al) samples
Entrya Al source [Al], M Linker source
[BDC], M
(in linker source)
Added
[acid/base], M [Cl]b
[Cl]b/
[Al3+]
MOF
yield (%)
PET hydrolysis
degree (%)
BETc
(m2 g1)
1 AlCl3 0.52 PET akes 0.52 — 1.56 3 7 >95 842
2 Al(OH)3 0.52 PET akes 0.52 HCl (37%); 1.04 1.04 2 13 71 1
3 AlCl3 0.52 PET akes 0.52 NaOH; 1.04 0.52
d 1 17 43
4 AlCl3 0.173 PET akes 0.173 — 0.52 3 49 >95 850
5 AlCl3 0.173 PET cryomilled 0.173 — 0.52 3 50 >95 843
6 AlCl3 0.173 BDC 0.173 — 0.52 3 51 —
7 Al(OH)3 0.173 PET akes 0.173 HCl (37%); 0.35 0.35 2 56 >95 Porous
e
8 Al2O3 0.173 PET akes 0.173 HCl (37%); 0.35 0.35 2 41 >95 48
a In all entries the amount of water was 30 ml; reaction time was 12 h in a microwave oven at 200 C. b Concentration of [Cl] in the form of HCl, or
of (partially) hydrolyzed AlCl3.
c BET surface of samples calcined at 350 C. d NaCl is excluded. e N2 physisorption measurements proceeded too
slowly to accurately calculate the BET surface area.
Journal of Materials Chemistry A Paper
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View Article Onlineachieved by subsequently adding the metal salt at lower
temperatures. MIL-88B(Fe) was made by rst depolymerizing
PET in water with NaOH, using the same amount of NaOH that
is normally used for MIL-88B(Fe) synthesis in DMF.16 Aer
depolymerization, methanol and FeCl3 were added and the
mixture was kept at 80 C in a conventional oven for 12 h. The
solid product contained MIL-88B(Fe) and crystalline tereph-
thalic acid, as evidenced by XRD (Fig. 2). The MIL-88B(Fe) yield
was 82% based on BDC present in the PET used. When the dry
powder was wetted with ethanol, the MOF changed to the open
pore form, conrming the breathing behaviour known for MIL-
88B(Fe).17 This procedure shows that also MOFs can be made
from PET and metals that readily form oxides in a one pot
reaction without purifying the starting materials.Optimization of the one-step MIL-53(Al) synthesis
Diﬀerent synthesis conditions were tested for the one-step
synthesis of MIL-53(Al) in order to understand the polymer-to-
MOF transformation process and to improve the yield and
purity of the product (Table 2). For the synthesis conditions in
entries 1–3, the residual PET akes could be separated by coarse
sieving (3 mm aperture) from the suspension of MOF crystals,Fig. 2 XRD patterns of (a) MIL-88B(Fe) in the closed pore form, (b)
MIL-88B(Fe) in the open pore form, measured in ethanol, (c) simulated
pattern of crystalline BDC, and (d) simulated pattern of MIL-88B(Fe)
open pore form.
9522 | J. Mater. Chem. A, 2016, 4, 9519–9525followed by washing them with cold aqueous NaOH to remove
terephthalic acid and the potentially adherent MOF. The weight
of the residual PET was then used to calculate the degree of PET
hydrolysis. For the other entries, there was no PET le to weigh
and the hydrolysis of PET exceeds 95%. The MOF yield (BDC in
MOF/BDC supplied in the linker source) in all samples was
determined by TGA. If no Al oxides/hydroxides are formed, the
weight of the linker incorporated into the MOF can be simply
calculated based on the inorganic residue. If Al oxides/hydrox-
ides are present, the relative MOF weight compared to that of
the inorganic residue can be calculated from the organic weight
loss between 480 and 520 C when calcining the sample; this
weight loss is unambiguously assigned to the linker in the MOF.
When only AlCl3 is added, the pH is low. This not only
increases the PET hydrolysis rate, but also favours reprotona-
tion of the BDC linker as shown in eqn (1):
AlCl3 + H2BDC + H2O# Al(OH)BDC + 3HCl (1)
For entry 1 in Table 2, PET is hydrolyzed for >95%, but only
a modest 7% of the total BDC ends up in MIL-53(Al). Instead of
AlCl3, one can also use Al(OH)3 as an Al source, in combination
with HCl.
This approach allows us to control the acidity and thus
inuence the equilibrium in eqn (1). The lower acidity in entry 2
causes PET to be hydrolyzed to a smaller degree, but the MOF
yield is slightly higher compared to the synthesis with AlCl3
(13% versus 7% respectively). Neutralization of AlCl3 with NaOH
(entry 3) further promotes deprotonation of BDC leading to
higher MOF yields (17%) but with less PET hydrolysis due to the
decreased acidity.
This trade-oﬀ between the MOF yield and PET hydrolysis can
be avoided by working under more dilute conditions while
keeping all reactant concentration ratios identical (entry 4 vs. 1).
Threefold dilution increases PET hydrolysis to nearly 100% and
also strongly increases the MOF yield (49% vs. 7% MOF yield
aer 12 h).
To investigate the eﬀect of the PET ake size in entry 4, PET
was cryomilled to a ne powder and used instead of the PET
akes (entry 5). The powdered polymer is hydrolyzed muchThis journal is © The Royal Society of Chemistry 2016
Fig. 4 XRD patterns of a MIL-53(Al) synthesized from PET under the
conditions of Table 2, entry 4: (a) as synthesized, (b) after activation at
 
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View Article Onlinefaster due to the higher surface area, but the MOF yield is the
same as for entry 4, indicating that all PET can be hydrolyzed
even when starting from coarse akes. As a conrmation of the
complete utilization of the PET in entry 4, a synthesis starting
with the same molar amount of pure BDC gave the same MOF
yield (entry 6).
Also under dilute conditions, decreasing the [Cl]/[Al] ratio
from 3 to 2 is benecial for the MOF yield, since the less acidic
conditions facilitate deprotonation of H2BDC increasing the
MOF yield from 49% to 56% (entries 4 vs. 7). Diﬀerent results
were obtained when starting from Al2O3 instead of Al(OH)3
because Al2O3 did not completely dissolve during the synthesis.
This resulted in a higher [Cl]/[Al] ratio and acidity in solution
and thus a lower MOF yield (entry 8, 41%).
The main eﬀects of dilution and of the [Cl]/[Al] ratio on the
process of PET-to-MOF transformation are summarized in
Fig. 3. For these experiments, Cl is introduced either as HCl or
as AlCl3; hence a higher [Cl]/[Al] ratio is strongly related to
increased acidity.350 C (mixed phase), and (c) after activation at 400 C (lt phase). *
indicates reﬂections from the intermediate MIL-53(Al) phase.Activation of MIL-53(Al) prepared from PET
The XRD patterns of the sample synthesized with AlCl3 under
dilute conditions (Table 2, entry 4) show the importance of
removing all BDC residues via activation (Fig. 4). Before acti-
vation the pores of MIL-53(Al) are still lled with free, disor-
dered BDC molecules resulting in the “as-synthesized”
conformation. Aer activation at 350 C, the samples were
exposed to air and their XRD patterns were recorded. The XRD
pattern reveals a mixture of the MIL-53(Al)-lt phase (closed pore
form with adsorbed water) and an intermediate phase, which
has been described as MIL-53(Al) lled with partially degraded
terephthalic acid.3 The reported activation procedure3
comprises heating the sample under air for 3 days at 300 C and
the result was a BET surface of 1140 m2 g1. As our sample still
contained BDC aer activation at 350 C, we increased the
activation temperature to 400 C. Liu et al. also noticed that
300 C is not suﬃcient to remove all BDC from the pores of MIL-Fig. 3 PET hydrolysis degrees (diamonds) and MOF yields (circles)
under either concentrated conditions (3 g PET per 30 ml water; ﬁlled
symbols) or dilute conditions (1 g PET per 30 ml water; open symbols).
*Al2O3 in entry 8 was not completely dissolved, making the eﬀective
[Cl]/[Al] ratio in solution higher than 2.
This journal is © The Royal Society of Chemistry 201653(Al).18 Aer activation at 400 C, the intermediate phase
disappears and an almost phase-pure MIL-53(Al)-lt is obtained
(Fig. 4c). The BET surface also greatly increases from 842 m2 g1
for the sample calcined at 350 C to 1481 m2 g1 for MIL-53
activated at 400 C, highlighting the importance of proper
activation.Morphology of the MIL-53(Al) samples
The morphology of the crystals changes greatly upon activation.
In the as-synthesized sample (Table 2 entry 4), very large crystals
are seen together with aggregates of intergrown crystals (Fig. 5).
Aer activation at 350 C the large crystals, which consist most
likely of H2BDC, have disappeared and most of the aggregates
are broken up into individual MOF crystallites. Activation of the
sample at 400 C shows only small fractured MOF crystals on
SEM.
When samples are made under more concentrated condi-
tions (3 g PET per 30 ml water), the solid products still contain
PET. The small polymer particles are covered by large aggre-
gates of crystals and remain even aer activation at 350 C.
Washing such a sample with NaOH removed the MOF layer and
exposed the PET particles underneath (SEM and EDX as ESI†).
For the synthesis conditions of Table 2, entry 2, the sample still
is in the as-synthesized form even aer activation at 350 C. It
seems that the embedding of the MOF in residual solid PET
results in a ‘locked’ conformation; as a consequence, the MIL-
53(Al) does not display its characteristic breathing behaviour or
porosity.PET (bottles) as a support for MOF growth
The growth of MIL-53(Al) on PET fragments le aer hydrolysis
indicates the possibility of growing MOFs directly on the poly-
mer. Hydrolyzed polymer chains with carboxylic acid terminalJ. Mater. Chem. A, 2016, 4, 9519–9525 | 9523
Fig. 5 MIL-53(Al) prepared from PET (Table 2, entry 4): top: in the as-
synthesized form, middle: calcined at 350 C, and bottom: calcined at
400 C. Holes in the carbon support are artefacts caused by evacua-
tion of the sample during the sputtering procedure with Pd/Au.
Journal of Materials Chemistry A Paper
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View Article Onlinegroups may function as anchors to bind MOF crystals to the
surface. On the other hand, extensive depolymerization is not
desired as this would severely deform the surface. Therefore,
one strategy could be to expose the PET surface to a short acid
hydrolysis, followed by the addition of extra terephthalic acid to
the synthesis solution to grow the MOFs; this way, further
degradation of the support should be avoided.
The PET surface was rst depolymerized with HNO3 in
a controlled manner before MOF synthesis. For PET chips this
was done under reux conditions; for intact PET bottles this was
done at 60 C. At these low temperatures there is no risk of NO2-
BDC formation. Base hydrolysis gives an etched surface
(Fig. S4†) while acid hydrolysis is much slower and gives
a smooth but cracked surface. According to Marcelo et al.,19 acid
hydrolysis of PET gives a high density of –COOH groups because
the surface has more cracks and defects. Additionally, when
using nitric acid, surface glycol groups can be oxidized to
carboxylic acids, as free ethylene glycol is oxidized to oxalic acid
under similar conditions.13
Square PET chips of approximately 1.5 cm  1.5 cm were
rst used as the support for MOF growth. Aer surface hydro-
lysis, the chips were added to a synthesis solution containing
the building blocks for either UiO-66 or MIL-53(Al). Aer heat-
ing at 100 C for a week, SEM pictures show that MOF crystals
have grown on the surface (Fig. S5†).
For MOF growth inside PET bottles, lower synthesis
temperatures were used to stay below the glass transition
temperature of the PET bottles as the PET bottles deformed
otherwise: 80 C was used for MIL-53(Al) and only 60 C for UiO-
66. In the latter case, DMF is used as a solvent, which9524 | J. Mater. Chem. A, 2016, 4, 9519–9525necessitates even lower temperatures as contact with DMF
lowers the glass transition temperature of the polymer. SEM
pictures in Fig. S5† show that a monolayer of MOF crystals
grows on the surface. MIL-53(Al) was grown on the bottle by
adding a small amount of BDC twice with a one day interval to
prevent excessive crystallization of the MOF in the liquid. This
approach explains why the surface has large crystals with
smaller ones grown in between them.Conclusions
Waste PET bottles are an excellent source of terephthalate for
the synthesis of MOFs. Highly stable materials like MIL-53(Al)
and MIL-47(V) can be made in a one-pot single step synthesis
while more labile MOFs like MIL-88B(Fe) need an additional
step. More importantly, everything can be done without puri-
cation of BDC and without using DMF. By using Al(OH)3 and
HCl, we could lower the acidity to optimize yields for MIL-53(Al)
while keeping the pH low enough to ensure complete depoly-
merisation of PET. Activation of the MIL-53(Al) sample at 400 C
removed impurities and led to a MOF with a BET surface area of
1481 m2 g1. PET can furthermore be used as a substrate for
MOF coatings: carboxylic acid groups generated on the surface
by acid hydrolysis can anchor MOF crystals to the surface. This
concept was demonstrated for PET chips and intact PET bottles,
both for MIL-53(Al) and UiO-66.Acknowledgements
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